In response to pheromones, yeast cells activate a MAPK pathway to direct processes important for mating, including gene induction, cellcycle arrest, and polarized cell growth. Although a variety of assays have been able to elucidate signaling activities at multiple steps in the pathway, measurements of MAPK activity during the pheromone response have remained elusive, and our understanding of single-cell signaling behavior is incomplete. Using a yeast-optimized FRET-based mammalian Erk-activity reporter to monitor Fus3 and Kss1 activity in live yeast cells, we demonstrate that overall mating MAPK activity exhibits distinct temporal dynamics, rapid reversibility, and a graded dose dependence around the K D of the receptor, where phenotypic transitions occur. The complex dose response was found to be largely a consequence of two feedbacks involving cyclin-mediated scaffold phosphorylation and Fus3 autoregulation. Distinct cell cycle-dependent response patterns comprised a large portion of the cell-to-cell variability at each dose, constituting the major source of extrinsic noise in coupling activity to downstream gene-expression responses. Additionally, we found diverse spatial MAPK activity patterns to emerge over time in cells undergoing default, gradient, and true mating responses. Furthermore, ramping up and rapid loss of activity were closely associated with zygote formation in mating-cell pairs, supporting a role for elevated MAPK activity in successful cell fusion and morphogenic reorganization. Altogether, these findings present a detailed view of spatiotemporal MAPK activity during the pheromone response, elucidating its role in mediating complex longterm developmental fates in a unicellular differentiation system. cell signaling | MAPK dynamics | Fus3 | mating pathway | yeast
In response to pheromones, yeast cells activate a MAPK pathway to direct processes important for mating, including gene induction, cellcycle arrest, and polarized cell growth. Although a variety of assays have been able to elucidate signaling activities at multiple steps in the pathway, measurements of MAPK activity during the pheromone response have remained elusive, and our understanding of single-cell signaling behavior is incomplete. Using a yeast-optimized FRET-based mammalian Erk-activity reporter to monitor Fus3 and Kss1 activity in live yeast cells, we demonstrate that overall mating MAPK activity exhibits distinct temporal dynamics, rapid reversibility, and a graded dose dependence around the K D of the receptor, where phenotypic transitions occur. The complex dose response was found to be largely a consequence of two feedbacks involving cyclin-mediated scaffold phosphorylation and Fus3 autoregulation. Distinct cell cycle-dependent response patterns comprised a large portion of the cell-to-cell variability at each dose, constituting the major source of extrinsic noise in coupling activity to downstream gene-expression responses. Additionally, we found diverse spatial MAPK activity patterns to emerge over time in cells undergoing default, gradient, and true mating responses. Furthermore, ramping up and rapid loss of activity were closely associated with zygote formation in mating-cell pairs, supporting a role for elevated MAPK activity in successful cell fusion and morphogenic reorganization. Altogether, these findings present a detailed view of spatiotemporal MAPK activity during the pheromone response, elucidating its role in mediating complex longterm developmental fates in a unicellular differentiation system. cell signaling | MAPK dynamics | Fus3 | mating pathway | yeast I n response to changes in their environment, cells often undergo phenotypic transitions through the action of mitogen-activated protein kinases (MAPKs). Depending on the external signal present, the temporal and spatial properties of MAPK regulation may prompt cells to proliferate, differentiate, or adapt to different stresses. As a unicellular model of cell differentiation, the mating response in yeast is a slow and carefully orchestrated transition that requires diverse processes to be regulated by the mating MAPK, Fus3. To prepare for fusion with a mating partner, yeast cells must arrest their cell cycles in G1 phase, polarize their cell growth, remodel their cell walls, and up-regulate many genes that are important for maintaining these processes (1) (2) (3) . The molecular interactions supporting these activities have been studied in detail, but many questions regarding the dynamics of mating differentiation remain. In particular, how phosphorylation activity manifests itself during the overall mating response will be important in furthering our understanding of MAPK signaling behavior, by effectively filling the void between upstream and downstream signaling events.
The mating response is initiated in haploid yeast cells when G protein-coupled receptors bind to pheromones that the opposite mating partner secretes. Ligand-bound Ste2 receptor (for MATa cells) activates a heterotrimeric G-protein complex that releases the Gβγ (Ste4-Ste18) heterodimer (4) . Once free, Gβγ establishes multiple key binding interactions that are required for proper signal transmission. It recruits the Far1-Cdc24 complex, thereby activating Cdc42 (5) . It also recruits Ste20, which in turn is activated by Cdc42 (6, 7). The third major effector recruited by Gβγ is Ste5 (8) , a scaffold protein for the three MAPK subunits Ste11, Ste7, and Fus3 (9) . By virtue of being tethered to Ste5 at the plasma membrane, Ste11 is activated by Ste20 (10), thus triggering the MAPK cascade. The primary goal of activating the cascade is to generate dually phosphorylated Fus3, which plays roles in many downstream mating processes. Kss1, the MAPK responsible for invasive growth and a homolog of Fus3, is also phosphorylated but in a more transient manner (11) , and mating functions largely overlap with Fus3 (12) (13) (14) . Phosphorylation of the transcriptional regulators Dig1, Dig2, and Ste12 to induce mating gene expression is required for cell mating and is a central role of MAPK function (15) (16) (17) . However, for mating to be optimal, additional targets are activated to drive processes as diverse as cell-cycle arrest and morphogenesis. Although many of these substrates are known, there are likely many more that have yet to come to light, as phosphoproteomics data would indicate (18, 19) . Interestingly, although both MAPKs are enriched in the nucleus and perform their most important functions there, levels of phosphorylated Fus3 appear strikingly low compared with regions outside the nucleus, although the dynamics of this localization have not been established (20, 21) . This is consistent with Fus3's rapid exchange at both the shmoo tip and nucleus during pheromone stimulation (22) and a potentially different susceptibility to phosphatases in these regions (20, 21, 23) . These combined observations support the notion that phosphorylated Fus3 needs to be highly mobile, so that when substrates become present, Fus3 will be able to
Significance
The yeast mating pathway has long served as a prototypical signal transduction system, but key questions regarding intracellular signaling dynamics remain, including how signaling takes place and is used over time during the differentiation response. Utilizing a single-cell FRET reporter approach, this study indicates that signaling dynamics is governed by complex feedback interactions and that distinct MAPK activity patterns promote early and late phases of mating differently. Whereas submaximal activity is maintained through cell-cycle arrest and mating partner engagement, activity intensification and rapid loss coincide with cell polarization and fusion of prezygote cells. These findings provide new insights into the signaling mechanisms underlying how yeast cells sense and then commit to a nearby mating partner.
activate them wherever they are located. Controlling the magnitude of its activity level, together with proper G-protein coordination, may also underlie the cell's ability to reach specific cellular transitions within the mating response, including cell-cycle arrest, morphogenesis, and cell fusion. Thus, regulation of diverse mating functions may be determined by the strength, location, and timing of MAPK activity in the cell.
To observe mating pathway activity in single cells, a variety of methods have been used, including promoter-activity reporters (24, 25) and fluorescence-based techniques (21, 26, 27) . Despite their utility, direct measurements of spatiotemporal MAPK activity have remained elusive. Here we demonstrate the application of an optimized FRET-based MAPK-activity reporter to visualize Fus3 and Kss1 activity in live yeast cells. Using this reporter, we are able to gain new insights into MAPK signaling behavior, cellto-cell response variability, and spatiotemporal activity patterns that underlie mating cell differentiation and morphogenesis.
Results
Reporting Fus3 and Kss1 Activity in Live Yeast Cells Using Yeast EKAREV. Genetically encoded FRET reporters have emerged as useful tools for visualizing dynamic signaling processes in cells with high temporal and spatial resolution. In particular, the Erk activity sensor EKAR (28) and its newer-generation versions (29) (30) (31) have demonstrated robust Erk-activity reporting in a variety of mammalian cell contexts with sensitivity to distinct physiological stimuli (32) (33) (34) . Given the close similarity of the enzyme/substrate interaction motifs between Erk1/2 and their MAPK homologs in yeast (SI Appendix, Fig. S1A ), we reasoned that EKAR might also be capable of reporting Fus3 and Kss1 activity during the yeast pheromone response. To test this hypothesis and ensure a sufficiently high sensitivity for assaying yeast cells, we developed a modified version of the EKAREV (29) construct, yEKAREV (yeast EKAREV), expressed it under control of the strong GPD promoter, and then measured the whole-cell FRET ratio in single cells responding to pheromone (Fig. 1 B-D , SI Appendix, Fig. S1C , and Movie S1) (see SI Appendix, Materials and Methods for construction details and SI Appendix, Supporting Notes for analysis of expression level and docking domain effects). Upon saturating pheromone treatment, average yEKAREV responses displayed a rapid initial increase in the FRET ratio (within the first 6 min) followed by a slower prolonged increase that reached a maximum level ∼90 min after stimulation (Fig. 1D ). Significant single-cell response variability was present throughout the stimulation time course, including individual cell activity far exceeding the average maximal response, indicating that the average population response was below the maximum detectable response of the system. This variability suggested substantial dynamic noisiness of cell responses to pheromone, and was further investigated in the analysis described below.
As controls and to validate the FRET signal as a reporter of mating MAPK activity, we measured responses in strains with different components of the MAPK signaling cascade deleted (Fig. 1E) . In wild-type cells expressing yEKAREV with a T/A phosphosite mutation in the substrate domain, the FRET signal remained unchanged after pheromone addition. Similarly, in ste7Δ and fus3Δkss1Δ strains expressing the intact reporter, the average FRET ratio did not increase after treatment for the full 3-h time course. These results indicate that both phosphorylation of the substrate domain and the presence of the mating MAPK and MAPKs are required for yEKAREV to elicit a pheromoneinduced FRET response. In a fus3Δ strain, the FRET signal increased but was weaker than the WT response, peaking within the first 15 min and showing a submaximal response thereafter. Remarkably, the average FRET response of kss1Δ cells closely resembled that of WT cells. The relative magnitude disparity between the fus3Δ and kss1Δ responses is consistent with the primary role played by Fus3 in the mating pathway, which can only be partially rescued by Kss1 following Fus3 deletion (13) . Additionally, the overall biphasic activity increase reported by yEKAREV in the WT strain was qualitatively similar to the combined activation of Fus3 and Kss1 revealed by immunoblotting of their phosphorylated forms (SI Appendix, Fig. S5 ). It should be noted, however, that phosphorylation of Fus3 and Kss1 alone may not fully represent their relative activity in the cell, and that signaling activity is more directly indicated by their engagement with and phosphorylation of MAPK substrates, further supporting the utility of yEKAREV as a MAPK-activity reporter specific for the mating pathway.
Yeast mating is a carefully coordinated and complex event that may require dynamic changes in mating partner selection and thus adaptive pathway activity (35) . This would necessitate highly reversible MAPK activity. Using yEKAREV, we thus explored whether MAPK substrates could be quickly dephosphorylated either when the MAPKs were inactivated or when the upstream pheromone signal was depleted (SI Appendix, Fig. S6 A and B) . In both cases, activity returned to basal levels rapidly (90% decrease within 15 min). Sustaining substrate activation therefore appeared highly dependent on Fus3's activity status in the cell. When cells were reexposed to high concentrations of pheromone after a recovery period, the MAPK response was robust and exhibited repeatable dynamics in single cells (SI Appendix, Fig. S6C ). This finding indicated that mating pathway machinery can be reset and used in a repeatable manner for future mating attempts. characteristics of the MAPK probe, we set out to determine the dynamics of MAPK activity over a range of pheromone doses that appreciably activate the receptor. To ensure that the ambient concentration of pheromone did not change over time, we deleted the gene coding for the extracellular pheromone protease Bar1. We found that, for pheromone doses in the 0-to 10-μM range, the signaling responses displayed two distinct temporal phases ( Fig. 2 A  and B) . The first phase, unfolding within 10 min of stimulation, displayed low sensitivity to the pheromone dose variation, with MAPK activity reaching a maximal level at a concentration as low as 4 nM. This robust and quickly saturating initial response, however, did not define a longer-term, second phase of MAPK activity, which displayed a much more graded average dose response. Surprisingly, despite nearly identical levels of activity at the end of the first phase, for doses of 4 nM and higher, MAPK activity diverged over the next 90 min. In particular, activity was more transient at doses of 4 nM or lower, compared with the more sustained responses at 8 nM or higher, indicating that MAPK activity levels are largely modulated by changes in receptor occupancy [receptor K D ∼5 nM (36) ]. This divergence of dynamic responses led to a nearly linear dose dependence of MAPK activity ∼1-2 h after pathway stimulation. Thus, the shift from a transient to a sustained response around the receptor K D is consistent with the dose alignment of receptor binding to early MAPK phosphorylation levels and transcriptional induction (24, (37) (38) (39) , and indicated a potential role for long-term signaling in cell-phenotype diversity. More generally, this finding suggests that mating MAPK activity can be both ultrasensitive to pheromone at early exposure times and graded as the response develops over time (39) (40) (41) (42) . The ability to evaluate signaling on a single-cell level permitted correlation of the phenotypic responses with signaling dynamics. Morphological states in this low pheromone dose range revealed transitions from budding behavior to larger, cell cycle-arrested morphologies and then to elongated, projection-forming cells at progressively higher concentrations ( Fig. 2 B and C), behavior that is characteristic of yeast cells (25, 43, 44) . We found that increasing levels of MAPK activity correlated with an increasing fraction of cells undergoing cell-cycle arrest and projection formation (Fig.  2B) . Interestingly, most of the initial increase in MAPK activity was elicited as cells committed to cell-cycle arrest, whereas early activity increased to a lesser degree as cells became polarized. Furthermore, cumulative MAPK responses between polarized and nonpolarized cells at the same pheromone dose were not significantly different, whereas responses for arrested cells were significantly higher than responses for nonarrested cells ( Fig. 2 C and D) . Thus, high initial activity was associated with the decision to arrest cell division, but continued activity intensification in the second phase was not required for the formation of broad, chemotropic-like projections.
To account for the biphasic MAPK response behavior, we reasoned that the interaction between Fus3 and Ste5 and the upregulation of pathway components both might play a role. To test this possibility, we evaluated responses in strains with altered expression of a FUS3-mCherry fusion. Changing the endogenous FUS3 promoter to that of the CYC1 or ADH1 genes caused the overall abundance of FUS3-mCherry to be decreased (0.7-fold) or increased (6-fold) compared with WT levels, respectively (SI Appendix, Fig. S7 A and B) . Modulating Fus3 abundance, however, did not alter the magnitude of the initial MAPK response (Fig. 2E ). Rather, increasing or decreasing the abundance of Fus3 slightly shifted the rate of reaching the initial response maximum (Fig. 2F) . Thus, the magnitude of the early response does not appear to be influenced by the initial abundance of Fus3, because a lower abundance of Ste5 is likely the limiting factor in its activation (45) . On the other hand, longterm signaling in the second response phase was reduced in a CYC1 prom -FUS3-mCherry strain compared with the WT strain, displaying persistent but not increasing MAPK activity at high pheromone levels ( Fig. 2G and SI Appendix, Fig. S7C ). Both activity phases were considerably reduced in a ste12Δ mutant, likely due to pronounced baseline down-regulation of pathway components (SI Appendix, Fig. S7D ). Overall, these results indicate that the increase of MAPK activity in the second phase depends on the up-regulation of the Fus3 MAPK gene itself, Average cumulative response (activity integrated over 2 h) for each phenotype grouping shown in C (mean ± SEM, ***P < 0.001). a.u., arbitrary units. (E) Cells expressing yEKAREV and a C-terminal mCherry fusion of endogenous Fus3 under control of either the wild-type FUS3, CYC1, or ADH1 promoter were treated with 10 μM pheromone. Maximum FRET ratio attained within the first 15 min of pheromone treatment (mean ± SD, n = 3 independent experiments). (F) Average FRET responses for different promoter strains shortly after pheromone stimulation (mean ± SD, n ≥ 7 fields of view for each strain). (G) Average FRET ratio responses for single cells stimulated before reaching their Start checkpoint in G1 phase (mean ± 95% confidence interval, n > 40 cells).
which is activated in a MAPK-dependent positive-feedback manner (46) .
Cross-Talk with the Cell Cycle Dynamically Regulates MAPK Response in Single Cells. Our analysis suggested that the first phase of the response might be determined by Ste5-limited interaction of pathway elements with the plasma membrane, which is itself subject to cell-cycle control (47) . This hypothesis further suggested that much of the variable dynamics in individual cells may be determined by their cell-cycle stage at the time of pheromone stimulation. We found that, after stimulation of cells with high doses of pheromone, there was a striking difference in MAPK activity patterns among cells that promptly formed projections versus cells that budded following pheromone exposure (Fig. 3 A-D and SI Appendix, Fig. S8 ). In cells immediately progressing to form projections (pre-Start cells, ∼68% of all cells) (Movie S2), the increase in MAPK activity was similar to that observed in the average MAPK response, with a well-pronounced initial response phase and a sustained second phase, lasting through the course of mating morphogenesis ( Fig. 3 C and D) . In cells that proceeded to divide (post-Start cells, ∼22% of all cells) (Movie S3), the first phase of the response was incomplete and often underwent a transient reversal, with the response then recovering and ultimately reaching levels similar to those displayed by pre-Start cells. In these cells, longterm activation was significantly more delayed, and sustained only after bud emergence, with the time of response minimization closely correlated with the time of bud emergence (SI Appendix, Fig. S9A ).
Finally, we noticed that the initial phase of the response was completely eliminated in cells that had begun the budding process just before pheromone exposure (early-S cells) (Movie S4). However, even in these cells, the second phase of the response initiated immediately following pheromone stimulation, again ultimately reaching levels seen in pre-Start and post-Start cells. Thus, despite differing rates of activation, cell-cycle state did not have an effect on the eventual, steady-state activity level, as cells committed to the shmooing phenotype. Overall, the time required to reach half-maximum response (t 1/2 ) was 6.4 ± 4.2 min, 48.7 ± 12.2 min, and 34.8 ± 10 min for pre-Start, post-Start, and early-S cells, respectively (Fig.  3D) . These results confirmed that the first phase of activation was strongly dependent on the cell-cycle stage at the time of stimulation, the dependence that was masked in the average response by the high percentage of pre-Start cells. Importantly, the MAPK activity was detectable throughout stimulation in all cases, suggesting that the cell-cycle inhibition of pheromone signaling is incomplete.
The results above suggested that the variability in MAPK signaling levels might depend on the cell cycle, which thus may contribute to the noisy nature of the response. Indeed, response variation across the cell population was highest at early time points, and lessened over time, as cells in all cell-cycle stages reached similar response levels (SI Appendix, Fig. S9B ). We then explored whether this cell-cycle dependence might propagate downstream in the pathway and affect MAPK-dependent gene regulation. Indeed, cell-to-cell variability in mating gene expression has been largely attributed to differences in both cell-cycle position and the inherent gene expression capacity of the cell (24) . We thus treated cells coexpressing yEKAREV and a FUS1 promoter-activity reporter (P FUS1 -mCherry) with pheromone and measured the responses of each reporter over time (Fig. 3E) . Because we assumed that the strength of the transcriptional response should reflect aspects of both time and amplitude of the stimulus, we used the timeintegrated yEKAREV signal as a metric for the MAPK signal. After 3.5 h of treatment, P FUS1 -mCherry fluorescence and the integrated yEKAREV response were found to correlate over a range of integration times, with an optimal correlation observed if the integration was done over the first 70 min of MAPK signaling (Fig.  3F and SI Appendix, Fig. S10 ). This integration time period spans the range where variation in MAPK activity is maximal and leaves sufficient time for mCherry maturation before the experiment end point. Assaying the correlation between these MAPK and Fus1 reporter readouts allowed us to isolate the levels of noise extrinsic and intrinsic to MAPK-mediated control of gene transcription. Notably, we found that variation in cell-cycle position was the primary source of extrinsic noise linking these processes, as reporter readouts covaried more in the total population (σ 2 total = 0.044) than they did within individual cell-cycle groups (σ 2 pre-Start = 0.006, σ 2 pre-Start = 0.004). Intrinsic noise levels were also comparable to the extrinsic ones, indicating the stochastic nature of gene regulation and the presence of additional factors regulating gene expression output, independent of MAPK-derived signaling.
In addition to these cell-cycle effects, we also found a strong response similarity between successive generations of cells, a potential underpinning to the observed heritability of mating gene expression across cell lineages (48) . In particular, we found responses of mother and newborn daughter cell pairs to be highly similar when the cell-cycle phases of both cells were pre-Start at the time of pheromone treatment (Fig. 3G ) (Pearson coefficient: R = 0.90). This symmetry was substantially diminished when the cellcycle phase of the mother had exceeded Start (Fig. 3 G and H) . However, despite a reduced level of signaling in these post-Start mother cells, responses with their daughters remained correlated (Fig. 3G , gray dots) (R = 0.46). These results indicate that signaling capacity across cell generations is preserved at the level of MAPKsubstrate phosphorylation, which in turn may be due to regulated allocation of the MAPK cascade components during cell division.
Our results strongly suggested that the first phase of pheromoneinduced MAPK activity depends on the cell cycle-regulated interaction between the scaffold protein Ste5 and the plasma membrane. This interaction participates in a feedback cross-talk between the mating pathway and cell-cycle machinery that also involves another key protein, the cyclin-dependent kinase inhibitor Far1. Far1 is phosphorylated by the MAPK Fus3 to inactivate G1 cyclin-CDK complexes, and thus inhibit cell-cycle progression (49) . On the other hand, CDKs can target Ste5, which, when phosphorylated at specific residues, is unable to localize to the membrane and activate the MAPK cascade (47) . We thus investigated this feedback cross-talk between the cell cycle and pheromone signaling systems by examining yEKAREV activity in far1Δ cells and cells harboring a mutant STE5 allele in which eight distinct CDK phosphosites were changed to alanine (STE5-8A) to reduce CDK sensitivity. Pheromone-stimulated STE5-8A cells showed a marked reduction in the cell cycle-dependent activity variation (Fig. 4 A and B) , with the onset of MAPK activity occurring much earlier for STE5-8A cells in the post-Start and early-S cell-cycle stages ( Fig. 4C and SI Appendix, Fig. S11 ). Also, whereas half-maximum response and bud emergence times were correlated in WT post-Start cells, there was no such correlation in STE5-8A post-Start cells, indicating that scaffold phosphorylation provides the link between cellcycle status and MAPK response behavior (Fig. 4D) . Furthermore, this supported Ste5's role in regulating the kinetics of the first MAPK activity phase and the overall variability of cell responses.
The cell cycle-mediated feedback can also be altered by elimination of Far1, which is expected to decouple the mating pathway from cell-cycle arrest. Indeed, we observed that a large fraction of far1Δ cells reentered the cell cycle following saturating pheromone exposure. The average MAPK activity response in these cells displayed the first phase of activation but was persistent thereafter, with no apparent second-phase increase. This steady average response was, however, not fully representative of the single-cell behavior, as closer examination of single cells revealed extensive asynchronous fluctuations of MAPK activity in nonarrested cells (Fig. 4E and SI Appendix, Fig. S12 ). As activity dropped to a minimum level, cells budded, with activity recovering thereafter. Bud emergence was found to correlate strongly with activity minimization (Fig. 4F) , indicating that CDK activity associated with the G1/S transition, rather than inherent pathway autoregulation, governs the MAPK fluctuations. In contrast, these fluctuating activity patterns were not present in the higher-signaling cells, largely consisting of daughter cells, which maintained their arrested state through the 3.5-h time course. This result was consistent with the normally delayed entrance of daughter cells into the cell cycle and further indicated that the diminished long-term MAPK response was due to cell-cycle activity (SI Appendix, Fig. S12C ). Altogether, these results suggested that decoupling cell-cycle arrest from the pheromone response can indeed transiently inhibit MAPK activity, coincident with the bud emergence events.
Overall, these results suggested that cell-cycle coupling has a profound effect on the variable dynamics of MAPK activity in individual cells, controlling the response kinetics through a double-negative feedback that can result in differential onset of signaling and persistent, fluctuating, or adapting kinetics of the second, more delayed activity phase.
Complex Spatiotemporal MAPK Signaling Underlies Mating Cell
Differentiation. Our observations indicate that pheromone exposure leads to a rapid rise in cellular MAPK activity that persists over time, with distinct dose-dependent kinetics. However, these results leave open the question of where activity is spatially localized in the cell. The free mobility of Fus3 between the nucleus and plasma membrane is essential for full activation of the mating pathway (20) . Thus, sustained activity and free mobility of Fus3 imply a constant need for substrate phosphorylation in the proper spatial and temporal contexts (12, 39, 50) . To visualize the subcellular dynamics of MAPK activity during the pheromone response, we prepared strains with yEKAREV fused to targeting peptides specific for the cytosol, nucleus, and plasma membrane. Upon pheromone treatment, MAPK activity in all three compartments displayed a robust initial activity phase, exceeding 30% maximum activity within the first 10 min (Fig. 5A ). Both cytosolic and nuclear-localized activity were sustained and steadily increased beyond the initial spike, with plasma membrane activity remaining steadier over the long term. However, the initial increase in nuclear activity made up a smaller portion of the total response gain, and long-term signaling increased at a slower rate than activity in the cytoplasm. The overall nuclear response was also reduced compared with the cytosolic response, even though concentrations of Fus3 and Kss1 are higher in the nucleus (13, 50) . Reduced long-term activity at the plasma membrane is consistent with the Ste5-plasma membrane interaction dominating the first phase and overall MAPK activity at this cell compartment.
To explore the effect of a pheromone gradient on the spatial progression of MAPK activity, we exposed yEKAREV-expressing cells to gradients of pheromone in previously described microfluidic devices (43, 51) and measured cell responses over a 7-to 8-h period. As cells formed mating projections at average doses in the 5-to 60-nM range, we found that gradients of MAPK activity emerged from the projection tips and persisted through most of the projection growth cycle (Fig. 5 B-F and SI Appendix, Figs. S13 and S14). Cells exposed to 60 nM doses exhibited higher overall activity and steeper front-to-back (projection tip to the back of the cell) distributions of activity compared with cells exposed to doses near the receptor K D (5-10 nM), where mating projections tracked the direction of the pheromone gradient (Fig. 5D) . The fractional difference in activity between the front and back cell regions was approximately twofold higher for 60 nM exposure (0.22 ± 0.12) compared with 10 nM exposure (0.11 ± 0.06). Similar front-to-back activity patterns were also observed in secondary projections that formed at higher pheromone exposures. As a control, cells expressing the yEKAREV-TA mutant did not reveal any consistent patterns of activity ( Fig. 5D and SI Appendix, Fig. S13 ). Interestingly, projection-localized activity patterns were generally found to strengthen over time as mating projections grew, consistent with an increasing expression of Fus3 and the localization of its substrates/ regulators to the projection tip (SI Appendix, Fig. S14 C and D) . Intensifying activity culminated in projection termination at high pheromone doses, whereas low activity persisted during continuous single-projection growth at low pheromone doses (SI Appendix, Fig. S14 ). Back-to-front activity gradients, stemming from pockets of high activity at the distal end of the cell, were also observed, but were weaker and occurred less frequently than front-to-back gradients for both concentration ranges tested (SI Appendix, Fig. S13 ).
Because spatial activity patterns were found to intensify over time in artificial pheromone gradients, we reasoned that longterm intensification may play a physiological role in reaching the final mating cell fate. To examine MAPK activity throughout the mating process, we tracked yEKAREV activity in haploid mating partner cells mixed and grown together on agarose (Fig. 5G , SI Appendix, Fig. S15 , and Movie S5). Interestingly, we found that before zygote formation, MAPK activity was maintained at a relatively low level in cells that had engaged with their mating partner (Fig. 5H) . However, ∼30 to 40 min before cell fusion, MAPK activity increased, peaking distinctly before the fusion event. Immediately following fusion and zygote formation, activity declined rapidly, ultimately returning to basal levels before mitosis resumed in the diploid cell (Fig. 5 H and I) . Altogether, these results indicate that localized amplification of MAPK activity coincides with late-term mating events, including projection termination and fusion initiation, whereas submaximal signaling underlies early mating processes that include cell-cycle arrest, broad projection growth, and sensing. Thus, spatiotemporal control of MAPK signaling appears important for driving distinct phases of mating cell differentiation.
Cells lacking the pheromone protease Bar1 are profoundly deficient in their ability to mate (52) , even when they are grown in close proximity to, and in physical contact with, viable mating partner cells. Although Bar1's function in shaping local pheromone gradients has been established (53, 54), we were interested in seeing how its presence might also impact signaling behavior in mating cell mixtures. Interestingly, we found the mating proficiency of bar1Δ cells to be almost completely restored when they were equally coseeded with BAR1 cells in a dense mating mixture (SI Appendix, Fig. S16 A-C) . MAPK activity followed a similar dynamic pattern in both the bar1Δ and BAR1 prezygotes, peaking near the time of cell fusion and then adapting (SI Appendix, Fig.  S16D ). In addition, average signaling levels of bar1Δ cells 30 min after seeding were significantly reduced in the Bar1 environment compared with the near-sterile environment lacking secreted Bar1 (SI Appendix, Fig. S16E ). This was similar to the signaling difference observed between cells presented with mating partners and cells treated with saturating pheromone (Fig. 5I) . These results further establish the importance of constraining the MAPK signal early in the mating response, so that selection of an adjacent mating partner, including proximal alignment of the polarized growth site, may be carried out before growth of untargeted mating projections. This also highlights an upstream role of Bar1 in facilitating this signaling competence in dense mating environments, by ensuring minimal pheromone receptor activation.
Mating Cell Fusion and Prefusion Polarity Induction Requires Elevated MAPK Activity. In order for fusion between mating partners to occur, cells need at least one of the mating MAPKs to be present, with the absence of Fus3 resulting in a severe fusion defect (55, 56) . Although Fus3's role in the transcriptional activation and regulation of mating genes is known, it is not clear how MAPK activity regulates the late stages of mating differentiation, including the initiation of cell polarization before fusion and the cell-fusion event itself, and whether it is fully required for these processes. To control the level of MAPK activity in the cell, we applied the inhibitor-sensitive Fus3 allele fus3-as2 to a fus3Δkss1Δ strain expressing yEKAREV and tracked cells during mating. Approximately 25-45 min before cell fusion, cells began to increase their rate of polarized growth toward their mating partner, ultimately transitioning from a mostly round to an elongated morphology (SI Appendix, Fig. S17 ). This period of polarized growth correlated with rising MAPK activity, with average rates of increase sustaining through the cell-fusion event (Fig. 6A) . We next performed experiments in which the inhibitor, PP1, was added to the mating cell mixture at varying times (Fig. 6 B-E) . Treatment with the inhibitor at the time of cell seeding resulted in complete suppression of fusion, similar to the phenotype of a strain lacking both Fus3 and Kss1 (Fig.  6E) . Notably, treatment with PP1 after 90 and 140 min of seeding resulted in a complete elimination of fusion occurrences in less than 20 min after the respective treatments ( Fig. 6E and SI Appendix,  Fig. S17 ). This delay is consistent with the time required for the inhibition of MAPK activity to reach its full effect (SI Appendix, Figs. S6 and S17D). Polarity initiation and the ability to form prezygotes were also eliminated following MAPK inhibition, even in cells that had arrested and agglutinated with a mating partner cell (Fig. 6B) . Interestingly, cells that had begun to polarize toward their mating partner before inhibitor treatment could only complete fusion if polarized growth had persisted for a long enough period (more than 24 min) (Fig. 6 D, F, and G) . However, cells in the early stages of polarization failed to complete the fusion process altogether, and instead formed aberrant nonfused zygotes (Fig. 6 C,  F, and G) . Correspondingly, measured MAPK activity levels were rapidly diminished in these cells, whereas activity was further amplified in cells that proceeded to fuse (Fig. 6F) . Altogether, these results suggest that maintaining an elevated level of MAPK activity is necessary for the initiation of polarity and fusion between mating cell pairs.
Discussion
Many cell-differentiation systems use MAP kinase signaling to help convert information in the cell's environment to actionable internal stimuli that can direct many processes within a cell. In mammalian systems, distinct patterns of Erk1/2 activity have been shown to encode signals that influence proliferation and differentiation behavior in a variety of cell and stimulus-dependent contexts (33, 34, (57) (58) (59) (60) . In yeast, signaling through the MAP kinases Fus3 and Kss1 is required to initiate and perpetuate the activities important for haploid conjugation. The timing, intensity, and location of their activity should therefore combine to ensure that the appropriate substrates are phosphorylated when and where they need to be, and that processes important for cell viability are equally not disrupted. In this study, we focus on two important questions: (i) Do MAPK signaling dynamics play a role in mating cell differentiation? (ii) What factors cause these dynamics to vary in cell populations?
Although FRET-based protein-activity reporters have been instrumental in elucidating dynamic signaling behaviors in mammalian systems, their utilization in yeast and other simpler eukaryotes has been less widespread. In contrast to translocationbased kinase reporters, which have been recently used and offer unique advantages (27, 61) , FRET conformation-based reporters provide a more direct (intramolecular) signaling event at the substrate level and can be additionally targeted to subcellular locations for applications involving long-term spatiotemporal activity reporting. By establishing the yEKAREV sensor in yeast, we have helped illustrate distinct modes of MAPK signaling behavior in cells responding to pheromone. The overall MAPK response comprised two temporal phases: a fast initial phase and a slow long-term phase. The early signaling phase was robust, even at low pheromone doses below the receptor K D (where cell-cycle arrest and gradient sensing are fully proficient), and insensitive to pheromone doses near the K D and higher. Modulating the abundance of Fus3 in the cell did not alter the magnitude of the initial response but rather shifted its kinetics, indicating a moderating effect imposed by the scaffold Ste5. The long-term signaling phase, on the other hand, showed higher sensitivity to the pheromone dose, decaying at doses below the K D and exhibiting higher and more sustained responses at doses above the K D . The intensification of the long-term signal was particularly dependent on the ability of Fus3 and Ste12-regulated pathway components to be up-regulated over time, suggesting a positive feedback at higher pheromone inputs. Increasing longterm MAPK activity was associated with the development of multiple pointed (shmoo-like) mating projections. Second projections formed after growth of the first projections slowed and following a moderate attrition of activity, indicating that transcriptional Fus3-mediated positive feedback was important for ultimately terminating projection growth. At lower doses in wild-type cells and at high doses in far1Δ cells, an adaptive-type response was observed for cells not able to arrest their cell cycle. This suggested that cyclin-CDK activity, rather than negative feedback, might be responsible for diminishing the MAPK signal in cells at subsaturating levels of pheromone. At low pheromone doses, MAPK responses could be distinguished between cells that divide or arrest but not between cells that arrest polarized or nonpolarized, indicating that arrest and broad projection growth may only require MAPK activity to be sustained over a minimum threshold, rather than increase continuously inside a cell. Selecting between these two cell responses may require additional MAPK-independent information. Overall, our results provide evidence that a combination of positive (Fus3 autoregulation) and double-negative (cell cycle-dependent) feedback interactions defines the dose-dependent, biphasic responses of pheromone-induced MAPK activity. Analysis of cell responses in artificial pheromone gradients and in mating cell mixtures allowed us to gain further insight into how MAPK signaling influences differentiation behavior. Given that Fus3's phosphorylated state and the Ste5-Fus3 interaction display graded distributions at the shmoo tip (21, 26), we reasoned that spatially graded intracellular MAPK activity could develop during morphogenesis in pheromone gradients. Indeed, we observed predominantly front-to-back gradients of MAPK activity in cells exposed to artificial pheromone gradients at both high and low doses. Although overall cellular activity was high and largely nonpolarized before projection growth, gradients emerged just as projections became visible and strengthened over time. Additionally, our data show projection-localized amplification to precede projection termination at high pheromone doses, whereas activity levels remain low and steady in cells undergoing chemotropism. This indicates that sustaining high MAPK activity at projection growth sites may be required to sufficiently activate the cell polarity and fusion effectors that function late in the mating response. Consistent with this paradigm, we found that fusion of mating partners immediately followed a period of sustained signal growth that correlated with the induction of cell polarity (Fig. 6H) . Before polarized growth and fusion initiation, signaling activity was maintained at an intermediate level distinct from basal and maximum activity levels of the system. Furthermore, we found MAPK activity to be essential for progression to and completion of the fusion event. Thus, whereas early-stage mating processes, such as cell-cycle arrest, projection formation, and chemotropism, work optimally at low MAPK activity, localized activity ramping may provide added signal strength for completing the final and only irreversible step in mating, zygote formation. Possibly ensuring sufficient activation and/or expression of polarity-and fusionmediating proteins, the late boost in signaling observed in mating pairs may arise from a combination of events, including the up-regulated expression of pathway components, including Fus3 itself, and an increase in pheromone secretion and signaling at the cell surface, as has recently been observed in fission yeast (62) . Cell-cycle regulators may also play a role, as mating cells may only be in a weak or transiently arrested state before their commitment to undergo fusion.
Cell-to-cell variation in the pheromone response has been linked to both pathway-and cell cycle-specific signaling components, but how the underlying signaling dynamics contribute to response variability has not been clear. We find the dynamics of MAPK activity in single cells to be highly cell cycle-dependent and correlated with downstream mating gene expression. Cells before Start sustain their early activation as a result of Ste5-membrane binding, whereas cells past Start are slow to recover their signaling capacity. The correlation between the start of S phase and when MAPK signaling turns on indicates that cyclin-CDK activity may regulate the timing of this delay. CDK-mediated regulation of the Ste5-membrane interaction is thus important in controlling the magnitude of the initial MAPK response, which if too high may adversely affect the later stages of cell division (63) . We further show that cell-cycle phase is important for the MAPK response similarity observed between mother and newborn daughter cells. These results illustrate how the kinetics of MAPK signaling is inherently and precisely controlled by both extrinsic and intrinsic noisy cellular processes, reflecting cell differences within an isogenic population.
In summary, the findings presented here reveal how dynamic signaling through the mating MAPKs is linked to cell-fate progression and variability. Spatiotemporal regulation of MAPK signaling dynamics can have profound consequences in cell development, affecting both when and how different cell states emerge. Continued exploration of single-cell signal transduction through the use of substrate-based reporters should provide unique opportunities to compare and contrast signaling behaviors in complex mammalian systems with those of simpler, genetically tractable eukaryotes.
Materials and Methods
Yeast strains and plasmids used in this study are listed in SI Appendix, Tables S1 and S2, respectively. All strains were grown overnight in rich medium containing 1% (wt/vol) yeast extract, 2% (wt/vol) peptone, and 2% (wt/vol) dextrose (YPD), synthetic complete medium with 2% (wt/vol) dextrose (SCD, Sunrise Science Products), or SCD medium lacking uracil (for episomally expressed constructs), diluted the following day in synthetic medium, and grown to midlog phase (OD ∼ 0.6) prior to experiments. α-Factor pheromone (Zymo Research) was diluted in SCD to the specified concentrations. To inhibit kinase activity of the fus3-as2 allele, PP1 Analog II (Santa Cruz Biotechnology) was diluted in SCD to a 10 μM concentration when treating cells. Methods describing strain construction, cloning, experimental setups, image analysis, immunoblotting, and statistical analysis are provided in SI Appendix, Materials and Methods. Testing and validation of reporter constructs are also described in SI Appendix, Supporting Notes and Figs. S1-S3.
